ABSTRACT This paper investigates the fault ride through (FRT) capability improvement of a doubly fed induction generator (DFIG)-based wind turbine using a dynamic voltage restorer (DVR). Series compensation of terminal voltage during fault conditions using DVR is carried out by injecting voltage at the point of common coupling to the grid voltage to maintain constant DFIG stator voltage. However, the control of the DVR is crucial in order to improve the FRT capability in the DFIG-based wind turbines. The combined feed-forward and feedback (CFFFB)-based voltage control of the DVR verifies good transient and steadystate responses. The improvement in performance of the DVR using CFFFB control compared with the conventional feed-forward control is observed in terms of voltage sag mitigation capability, active and reactive power support without tripping, dc-link voltage balancing, and fault current control. The advantage of utilizing this combined control is verified through MATLAB/Simulink-based simulation results using a 1.5-MW grid connected DFIG-based wind turbine. The results show good transient and steady-state response and good reactive power support during both balanced and unbalanced fault conditions. INDEX TERMS Doubly-fed induction generator (DFIG), dynamic voltage restorer (DVR), fault ride-through (FRT), low voltage ride through (LVRT), combined feed forward feedback control.
I. INTRODUCTION
The boom in wind energy growth worldwide has led to a large penetration of wind energy into the power grid. This positive momentum of growth in wind power sector is very good news for climate change and clean energy developers [1] . Yet, for the grid operators, this large growth in wind energy was not a predicted phenomenon and therefore grid codes for grid integration of renewable energy were altered to make the renewable work in harmony with the grid. Among the new grid codes for grid integration of wind energy, Fault Ride Through (FRT) capability during transient conditions and reactive power control during steady-state conditions pose considerable challenges for variable speed wind turbines [2] . Wind farms are no longer allowed to disconnect during faults and voltage sag conditions, instead are expected to operate like the conventional power plants, providing the reactive power support and to remain connected during system faults [3] .
Doubly Fed Induction Generators (DFIG) are most popular among the wind turbines for their capability of decoupled active and reactive power control, partially scaled converters and variable speed operation [4] . Even though DFIG based wind turbines are the most dominant type of wind turbines, they are very sensitive to grid voltage disturbances. During the occurrence of fault, the voltage drops to zero and active power generation reduces, this leads to rapid increase in the rotor current in order to compensate the active power by the rotor side converter (RSC). Hence, the converter increases the rotor voltage which leads to an overvoltage in the DC-link. Conventionally, crowbars are engaged to protect the power electronic converters from the flow of over-currents from the rotor. But during the operation of crowbar, the RSC is disabled and the rotor winding is short-circuited by shunt resistors [5] . Thereby the DFIG starts absorbing reactive power like an induction machine instead of offering reactive power support to the grid. In order to limit the flow of over-currents, other techniques are offered by crowbar in combination with DC-link chopper [6] , Series Braking Resistor (SBR) [7] , series R-L circuit [8] and STATCOM [9] . Several new methods are still being proposed to improve the FRT capability in DFIG based wind turbines. The updated grid code requirements established by Germany for FRT capability are shown in Fig. 1(a) and Fig. 1(b) . The Figure 1 (a) shows that for voltage sag the turbine should stay connected within the marked curve. And also the fault clearance should be at a gradient of 20% of the rated power per second. And the wind turbines should support the grid through reactive current support as shown in Figure 1 (b) and that should take place within 20 ms after the fault occurrence [10] . Static Synchronous Compensator (STATCOM) is a shunt compensation connected at the Point of Common Coupling (PCC) to provide high performance steady-state and transient voltage control. But STATCOM cannot protect the Rotor Side Converter (RSC) of DFIG from the flow of over-currents and therefore require the assistance of crowbar [11] . STATCOM reduces the fault clearing time and provides the generator with increased decelerating torque when the voltage is recovered. This leads to an increase in the stability margin of the generator, but also increases the mechanical stress [12] . The application of a Dynamic Voltage Restorer (DVR) is a good solution as it does not require any other protective circuit during operation [13] . The general schematic diagram of the DVR connected to the DFIG is shown in Fig. 2 . In comparison, DVR is more effective and direct solution for ''restoring'' the quality of voltage at its load-side terminals when the quality of voltage at its sourceside terminals is disturbed [14] - [16] . The control algorithm utilized in the DVR for the FRT capability in DFIG determines the effectiveness of the solution to overcome most of the faults in the grid. The control of DVR is achieved in several steps and this includes detection, reference generation, voltage and current control and modulation [17] . When the reference voltage of the DVR is generated it can be directly applied for a modulator to generate the switching pulses for the VSI. This control scheme is known as a feed forward open loop control [18] - [20] . Although this control scheme has the advantages of simplicity and assured stability, it has poor transient response and may have steady state error due to voltage drop and phase shift on the series branch of the filter and injection transformer [21] , [23] , [24] . To overcome these problems feedback or combined feedback/ feed-forward controllers are used [25] - [28] . In the feedback control system, the measured output voltage of the DVR (or load voltage) is fed back to a voltage controller.
This paper utilizes DVR with combined Feed-Forward and Feed-Back (CFFFB) control using voltage control based on PI controller. The improvement of FRT capability in DFIG based wind turbines using this CFFFB based DVR control is discussed in this paper for both balanced and unbalanced fault conditions. The remaining paper is structured as follows: Section 2 discusses the modeling of DFIG with DVR, Section 3 explains the DVR control, which explains the voltage sag detection, load voltage reference generation and the operation of CFFFB control, Section 4 includes the simulation results and comparison of improvement in FRT capability using CFFFB control instead of a conventional Feed-Forward control and Section 5 ends with conclusion.
II. MODELING OF DFIG WIND TURBINE AND DVR
The understanding of the operation of DFIG during steadystate conditions and transient conditions are necessary to discuss about the control techniques to implement the FRT capability. The stator of DFIG wind turbine is connected directly to the grid and rotor is connected to the grid via slip rings through the RSC and GSC. The converter connected to the rotor side is the RSC and connected to the grid side is the GSC which together constitutes only up to 30-35% of the total capacity of the machine. Fig. 3 shows equivalent circuit of the DFIG. 
L ls and L lr are the stator and rotor leakage inductance respectively and L m is the magnetizing inductance.
In stator flux-oriented control, q-axis rotor current component controls the stator active power (P s ) and rotor d-axis current component controls the stator reactive power (Q s ) respectively are given in Eqn. 4 .
The threshold values of rotor current and DC-link voltage are essential to ensure efficient FRT capability. The threshold value of the rotor current during fault is 1.5 pu to 2 pu values. Also, the DC-link voltage rating is 1150 V and its threshold value is 1.35 pu [29] . The DVR operation should maintain the values of rotor current and DC-link voltage within these safety limits.
A. MODELING OF DYNAMIC VOLTAGE RESTORER (DVR)
The DVR is a voltage source converter connected in series to the grid and DFIG at PCC to inject the appropriate compensating voltage to correct the voltage sag, swell or harmonics and obtain the nominal stator voltage as shown in Fig. 2 . The switching signals to voltage source converter are generated using PWM technique [30] . Conventional Phase locked loop (PLL) which is also in the synchronous dq reference frame detects the grid phase angle and utilized for synchronization. In-phase compensation method is utilized for both Feed-forward and CFFFB control of DVR as shown in Figure 4 . Since, the grid codes demand compensation of full voltage sag during fault conditions, DVR is rated for the power of the wind turbine [31] .
The power rating of DVR controlled by in-phase compensation method is as follows,
,k is the rms of DVR injected voltage in phase k and I L is the rms of load current.
The exchanged active power between DVR and grid is
Phase angle of injected voltage is the same as grid voltage. 
III. CONTROL TECHNIQUES OF DVR A. FEED-FORWARD CONTROL STRATEGY
The operation of a conventional open-loop controller of DVR in synchronous reference frame [32] , which is also called as a Feed-forward control is shown in Fig. 5 .
, is the reference controlled by the required magnitude of the load bus voltage respectively.
The primary control structure depends on the supply voltage and its phase angle to calculate the required amplitude of compensation voltage. The operation of the control in the synchronous dq-reference frame allows simpler clamping of the injection voltage. Therefore, enables DVR to partially compensate deep voltage sags and to maintain the sinusoidal injection voltage profile. The operation of control is synchronized to the supply voltage through Phase Locked Loop (PLL). The control generates the dq reference which is transformed to three phase stationary frame value in order to generate the PWM modulation signals [33] , [34] . The compensation voltages are injected by the transformer to the grid at PCC.
B. COMBINED FEED-FORWARD AND FEED-BACK CONTROL STRATEGY
DVR control includes the detection of the start and end of the fault event, reference generation, transient and steadystate control of the injected voltage and the system protection. The Feed-Forward control includes the pre-sag voltage on the grid side before DVR to detect the voltage sag during fault. The Feed-Back control monitors the voltage mitigation on the DFIG side after DVR. The DC-link voltage is monitored for converter protection [35] , [36] . This combined control includes the feedback which will take into account the voltage drop across the filter inductor and transformer [37] . Voltage sag detection is an important part of the control which requires fast detection of voltage sag during fault conditions. The balanced and unbalanced sag is determined along with the phase jump. The load voltage references are generated by PLL to create sinusoidal load voltage references. These references are utilized for the dq co-ordinates of the controller. The PLL response is expected to be slow in order to avoid sudden changes in the phase angle. Combine FeedForward and Feed-Back control is a combination of electrical grid and load voltage respectively. Transient response based on the DC-link voltage is carried out by the Feed-Forward control to calculate the sag depth. But since Feed-Forward does not take into account the drop across the filters and series injection transformer, the Feed-Back control is utilized for closed loop load voltage Feed-Back to avoid steady-state errors. The control diagram of the combined Feed-Forward and Feed-Back control is shown in Fig. 6 . 
IV. SIMULATION RESULTS AND DISCUSSION
The simulation results during balanced and unbalanced fault conditions using DVR are discussed. The results of transient active power control, reactive power support, transient voltage control, speed control, fault current control of RSC and GSC, DC-link voltage control and harmonics performance in terms of %THD are discussed in detail during various fault conditions. The test system is simulated for DFIG of 1.5 MW wind turbine connected to electrical grid in MAT-LAB/Simulink environment. The simulation parameters of the DFIG and DVR are given in Table 1 The performance of the DFIG when the system is subjected to balanced sag of 0.35 pu of the supply voltage. The measured signals in response to the balanced voltage sag are shown in Fig. 7 and Fig. 8 . The fault is applied for 100 ms for 5 cycles at 50Hz frequency. When a grid fault occurs, DVR injects series resistance and compensation voltage which adds a voltage drop at the machine terminals as shown in Fig. 7(b) . DFIG wind turbine maintains normal operating condition with constant terminal voltage consequently. The Fig. 7 (a) compensated using the combined Feed-Forward and Feed-Back control (CFFFB) shows the load voltage in pu in Fig. 7(b) and DVR injection voltage in Volts in Fig. 7(c) . Without any series compensation, the active power injected into the grid with DFIG is almost zero and therefore mechanical power cannot be converted into electrical power leading to high stress in the mechanical system thereby increasing the generator rotor speed. But utilizing DVR, the active power is delivered to the grid as shown in Fig. 8(a) and rotor speed is maintained as shown in Fig. 8(c) , thereby maintain the generator in equilibrium condition. Therefore DVR provides smooth power evacuation during fault conditions. DVR injects voltage in series as shown in Fig. 8 (c) to maintain the stator voltage of the DFIG during faults. As the threshold values of rotor current and DC-link voltage are mentioned to ensure efficient FRT capability. The threshold value of the rotor current during fault is 1.5 pu to 2 pu values. Also, the DC-link voltage rating is 1150 V and its threshold value is 1.35 pu. The simulation results show a compliance of these standards. The recovery time of these values are well within the recovery limits as shown in the grid code curves of Fig. 1(a) and Fig. 1(b) . The simulation results shows that the DVR based series compensation using CFFFB control works effectively to prevent the DFIG wind turbine from transient voltages and currents.
B. CASE 2: UNBALANCED SAG OF 0.35 pu (SINGLE LINE TO GROUND FAULT, 1LG)
The performance of the DFIG when the system is subjected to unbalanced sag of 0.35 pu of the supply voltage compensated using the combined Feed-Forward and Feed-Back control (CFFFB) is shown. The simulation is carried out when the system is subject to single line to ground fault for 100 ms between 0.7 to 0.8 sec for 5 cycles at 50Hz frequency. The Fig. 9 (a) in Fig. 9 (b) and DVR injection voltage in Fig. 10 (c) . Fig. 10 (a) shows the active power during the .35 pu unbalanced sag, Fig. 10 (b) shows the reactive power, Fig. 10 (c) shows the rotor speed control, Fig. 10 (d) shows the DC-link voltage, Fig. 10 (e) shows the stator current and Fig. 10 (f) shows the rotor current after series compensation during unbalanced fault condition.
The active power injected into the grid during the fault by DFIG, without series compensation, is almost zero, therefore, the mechanical power cannot be converted into electrical power leading to very high stresses on the mechanical system and increasing the generator rotor speed. By employing DVR, the DFIG wind turbine is able to deliver active power to the grid and keep the generator in an equilibrium condition, as stated in Fig. 8 (a) and Fig. 10 (a) . Thereby the active power of DFIG is maintained constant at 1.5 MW even during fault showing a smooth power evacuation of DFIG.
The voltages are injected in series to maintain the stator voltage of the DFIG during the fault using the DVR based series compensation. Overvoltage can be observed on the DC-link of DFIG even up to 1.5 pu without employing DVR. The simulation results in Fig. 8 (d) and Fig. 10 (d) shows effective DC-link voltage control. Also the effectiveness of the proposed series grid interface scheme to isolate the wind turbine from the grid faults to prevent any transient currents or voltages in the DFIG. The rotor speed in Fig. 10 (c) is maintained at 1.2 pu. The series injection using DVR isolated the wind turbine from the asymmetrical faults as shown in Fig. 9 (c) .
It takes minimum 4 cycles after the fault occurrence to recover to stable condition. Also the stator and rotor current do not have much over-current values and are well within the threshold limits.
C. CASE 3: SHORT-CIRCUIT FAULT (THREE LINES TO GROUND FAULT, 3LG)
Three phase to ground short-circuit fault between 0.7 to 0.8 sec and the supply voltage is shown in Fig. 11(a) compensated using the combined Feed-Forward and FeedBack control (CFFFB) shows the load voltage in pu in Fig. 11 (b) and DVR injection voltage in Volts in Fig. 11 (c) . Fig. 12 (a) shows the active power, Fig. 13 (b) shows the reactive power, Fig. 12 (c) shows the rotor speed control, Fig. 12 (d) shows the DC-link voltage, Fig. 12 (e) shows the stator current and Fig. 12 (f) shows the rotor current after series compensation during unbalanced fault condition.
The injection of reactive power in Fig. 12(b) shows that the DVR injects 0.5 to 0.3 MVar of reactive power during faults. The DVR uses a voltage source converter to inject series VOLUME 5, 2017 controlled voltage through series transformer. In other words, the DVR system does not change its control structure during differentvoltage dips. Furthermore, it allows the active and reactive supporting currents to be injected from wind farm to the grid during fault conditions which makes it flexible to fulfill different grid codes. The combined Feed-forward and Feed-back (CFFFB) control is a combination of Feed-forward and PI based Feedback control. The PI regulator is employed to calculate the difference and to compensate the voltage drop through the DVR components. The DC-link voltage control in DVR shows that the sudden peak occurring in the dc-link due to sudden voltage drop is below the threshold value of 1.35 pu as shown in Fig. 12 (d) . The Fig. 12 (e) and Fig.12 (f) shows that the stator current and rotor currents do not have any over currents above the threshold limits. They take 4 cycles to settle down after slight oscillations due to sudden removal of DVR. Thereby these results confirm the effective operation of DVR using CFFFB control.
The three phase to ground fault or the short-circuit fault is the worst condition during faults and requires the maximum support. DVR can also provide steady-state operations like the load flow control and voltage control. It can also provide additional operations like SSR damping and power system oscillation damping. The parameters of the DFIG and DVR utilized in the simulation are given in Table 1 . 
D. CASE 4: HARMONICS SPECTRUM ANALYSIS
Harmonics have great negative impacts to the system and most grid disturbances are accompanied with harmonics. Fig. 13 shows the harmonic spectrum of DVR using conventional Feed Forward control and the harmonic spectrum of DVR with CFFFB control is shown in Fig. 14. The CFFFB control based DVR shows lower harmonic distortion within the IEEE 519 standards [35] . The comparison shown in Table 2 shows a significant improvement in the performance of DVR using the PI feedback based CFFFB control. DVR complies to operate within the acceptable limits of THD%. The THD% of DVR without any control is 15.65%, whereas using Feed Forward control it is 5.24% and it is improved by using CFFFB control to 4.47%. The comparison of the harmonic mitigation using the conventional Feed Forward control and the Combined Feed Forward and Feed Back control (CFFFB) is shown in Table 2 .
The results and discussion conclude that the improvements in terminal voltage, stator current, rotor current, DC-link voltage are analyzed. Smooth active power evacuation of 1.5 MW power of DFIG is analyzed. Reactive power support during balanced, unbalanced and short-circuit fault conditions are observed. Improvement in harmonic mitigation using the CFFFB control and the operation of DVR for effective FRT capability operation of DFIG based wind turbines during fault is analyzed. The improvement in harmonic mitigation is observed in the harmonic spectrum analysis shown in Fig.13 and Fig.14 Table 3 .
V. CONCLUSION
This paper investigates the performance of DVR with combined Feed-Forward and Feed-Back control for the FRT capability improvement in DFIG based wind turbines. Series compensation scheme using DVR proves to be very effective with good reactive power compensation scheme, voltage control and power flow control. The performance comparison suggests that the operation of DVR is a good suit for improving FRT capability in DFIG based variable speed wind turbines as per grid code standards. The investigated He is currently with the School of Electrical Engineering as an Associate Professor at VIT University. He has over 13 years of teaching, research, and industrial research and development experience. He is a member of IEEE-IAS, IEEE-PES, IACSIT, IDES, and ISTE. He has published more than 100 research papers in national and international journals and conferences and ten books/chapters. 
